Introduction {#s1}
============

As the human and economic costs of type 2 diabetes have surged, focus on its prevention has intensified. Clinical trials ([@B1]--[@B7]) aimed at diabetes prevention have universally enrolled participants with "prediabetes" (i.e., impaired glucose tolerance \[IGT\] and/or impaired fasting glucose \[IFG\] levels) because of their high conversion rate to diabetes. Interventions were deemed successful if diabetes was prevented or delayed, yet many participants remained with prediabetes, with its attendant metabolic and vascular risks. Arguably, the prevention of diabetes and its complications lies in the restoration of normal glucose regulation (NGR) rather than in the maintenance of prediabetes. Indeed, our recent post hoc analysis from the Diabetes Prevention Program (DPP) Outcomes Study (DPPOS) ([@B8]) demonstrated a 56% lower risk of diabetes 10 years from randomization among those individuals who were able to achieve NGR during DPP versus those who remained with prediabetes. As a result, there is mounting interest in learning whether NGR should be the goal for people with prediabetes and, further, whether they should be monitored for relapse to prediabetes with escalating and earlier intervention instituted as needed to maintain NGR ([@B9]).

This potential shift in our clinical approach may be justified considering the higher incidence of diabetes-related complications seen in people with prediabetes ([@B10]--[@B13]). Nevertheless, enthusiasm for the medical treatment of prediabetes is currently tempered by cost related to the estimated 79 million Americans who currently have prediabetes and the risk/benefit ratio, especially in light of the many clinical trials failing to demonstrate cardiovascular disease (CVD) risk reduction from short-term glucose lowering in patients with frank diabetes ([@B14]--[@B17]). Hence, it is noteworthy to point out that several studies have shown benefit from short-term glucose-lowering interventions on CVD risk factors, surrogate markers of CVD ([@B18],[@B19]), as well as absolute CVD event rates ([@B20]) in people with prediabetes. These data suggest that glucose lowering could have a disproportionate benefit in CVD risk reduction in prediabetes versus diabetes patients, providing further support for the pursuit of NGR.

After completion of the DPP, DPPOS was initiated and afforded a unique opportunity to examine CVD risk profiles over time in people who regressed to NGR or maintained their prediabetes, or in whom diabetes developed during the DPP. We hypothesized that, compared with individuals with persistent prediabetes or diabetes, those reaching NGR in the DPP would have a significant and enduring decreased estimated risk of CVD over the period of observation in DPPOS.

Research Design and Methods {#s2}
===========================

The DPPOS is the follow-up to a randomized clinical trial performed at 27 centers involving 2,775 persons (as of data lock on 10 July 2013) who were at high risk for diabetes. The detailed methods have been reported ([@B21]), and the protocol is available at <http://www.bsc.gwu.edu/dpp>. Institutional review boards at each center approved the protocol, and all participants gave written informed consent prior to participation.

Participants {#s3}
------------

Participants were observed for a median time of 3.2 years during the masked intervention phase of the DPP, when the glycemic response was established. All surviving DPP participants were eligible for entry into the DPPOS. Of the 2,775 participants in DPPOS, 1,509 (54%) had achieved NGR at least once during the DPP, whereas 496 (18%) remained with prediabetes and diabetes developed in 770 (28%) (see [[Classification]{.smallcaps}](#s5){ref-type="sec"} for group definitions). Participant flow through the DPP and DPPOS, as well as participants included in this analysis, are depicted in [Fig. 1](#F1){ref-type="fig"}.

![Participant flow through DPP, DPPOS, and this study.](2622fig1){#F1}

Interventions {#s4}
-------------

All participants were offered group-implemented lifestyle sessions prior to the start of DPPOS, including those who had been randomized to the intensive lifestyle arm during the DPP ([@B22]). Open-label metformin was also continued in participants initially randomized to receive metformin (850 mg twice daily as tolerated) during the DPPOS, unless discontinued for the development of diabetes requiring management outside of the protocol, or for reasons of safety and/or tolerability.

Classification {#s5}
--------------

The primary outcome of the DPP was the development of diabetes: fasting plasma glucose concentration of ≥126 mg/dL (≥7.0 mmol/L; checked semiannually), and/or a 2-h glucose concentration of ≥200 mg/dL (≥11.1 mmol/L; checked annually) after a 75-g oral glucose challenge (confirmed on repeat testing) ([@B23]). For the current analysis, participants were classified according to their glycemic status during the DPP. They were classified as having NGR if they had achieved both a fasting plasma glucose concentration of \<100 mg/dL (\<5.6 mmol/L) and a 2-h plasma glucose concentration of \<140 mg/dL (\<7.8 mmol/L) at least once during an annual oral glucose tolerance test (OGTT), and never met the criteria for the diagnosis of diabetes (as above) during the DPP period. Participants were classified as having prediabetes ([@B23]) if they consistently had fasting plasma glucose levels of 100--125 mg/dL (5.6--6.9 mmol/L) and/or 2-h plasma glucose levels of 140--199 mg/dL (7.8--11.0 mmol/L) on annual OGTT, and never met the criteria for the diagnosis of diabetes (as above) during the DPP period.

Assessments {#s6}
-----------

The Framingham CVD risk score was calculated according to the method of Wilson and Morrell ([@B24]), updated in 2008 ([@B25]), to estimate the 10-year CVD risk from the time of data collection (e.g., data collected at year 1 of the DPPOS would predict CVD risk at year 11 of the DPPOS). The Framingham 2008 CVD risk estimate engine was used over alternatives risk estimation systems because it has been validated in men, women, Caucasians, and African Americans ([@B26]), collectively representing 85% of the multiethnic DPPOS cohort ([@B27]). In addition, use of this Framingham score allows the incorporation of diabetes status at each assessment---the a priori major outcome of the DPP. Furthermore, the primary end points most closely resemble the composite CVD end point adopted by the DPPOS (i.e., fatal and nonfatal CVD, including stroke, congestive heart failure, and peripheral artery disease), hence its accuracy in predicting CVD in a multiethnic cohort with prediabetes (in whom no CVD risk estimator currently exists) ultimately will be determined with the eventual publication of the CVD outcomes data from DPPOS. Blood pressure, plasma lipid levels, and medication usage were obtained on annual examination using previously published methods ([@B28]). Of note, the Framingham score does not account for the use of lipid-lowering medication (see discussion on study limitations in [Conclusions](#s12){ref-type="sec"}).

Statistical Analyses {#s7}
--------------------

Comparisons among groups at baseline were made using ANOVA for quantitative variables and the χ^2^ test for categorical variables with nominal *P* values not adjusted for multiple comparisons. The outcomes evaluated were the 10-year CVD risk estimate using the Framingham score and the individual CVD risk factors (total cholesterol \[TC\], HDL cholesterol \[HDL-C\], LDL cholesterol \[LDL-C\]), smoking status, systolic BP \[SBP\], and diastolic BP \[DBP\]), and diabetes status, all calculated annually. The normal-errors longitudinal regression model ([@B29]) assessed differences between glycemic exposure groups in the mean of the Framingham risk score and individual CVD risk factors adjusted for multiple comparisons, adjusting for baseline components (TC, HDL-C, smoking status, and SBP), demographics (sex, age at randomization, and race/ethnicity), and treatment group. Two-way interaction terms for treatment group, year, and glycemic status were also assessed and adjusted if significant at the 0.10 level. Initial analyses revealed significant interaction between year and glycemic status, but no interaction between the glycemic exposure and treatment, hence Framingham risk scores and individual CVD risk factors by glycemic response were pooled across treatment groups except for HDL-C (interaction *P* value = 0.04). An additional model was used to assess whether the differences among glycemic responses can be explained by the use of the lipid-lowering medications. Measures of explained variation (*R*^2^) for fixed effects is used to assess the contribution of covariates on the longitudinal measures of CVD risk and components ([@B30]). The SAS system (version 9.3; SAS Institute, Cary, NC) was used for all analyses.

Results {#s8}
=======

The demographics of the DPP/DPPOS cohort, with ([@B8]) and without ([@B5],[@B27]) stratification by the glycemic status defined in the DPP, have been previously reported. Participants who subsequently were classified into these groups exhibited some differences in CVD risk factors at DPP and DPPOS baselines ([Table 1](#T1){ref-type="table"}). These differences were relevant to the calculation of the Framingham score; therefore, differences at DPP baseline were used to adjust the estimated risk over the time of the DPPOS. Predictors and maintenance in the NGR group ([@B8],[@B31]), as well as the effects of interventions during DPP and DPPOS on the CVD risk factors ([@B32],[@B33]), have been previously published.

###### 

Components of the Framingham score by group

  Components                                 Diabetes      Prediabetes   NGR           *P* value
  ------------------------------------------ ------------- ------------- ------------- -----------
  DPP baseline                                                                         
   Age (years)                               50.9 (10.4)   52.4 (10.4)   50.7 (10.4)   0.015
   Female (%)                                66.5          70.4          67.2          0.34
   TC (mg/dL)                                203 (35)      206 (37)      203 (36)      0.38
   HDL (mg/dL)                               44 (11)       46 (12)       46 (12)       \<0.001
   SBP (mmHg)                                125 (15)      125 (15)      123 (14)      \<0.001
   Use of antihypertensive medications (%)   20            18            14            \<0.001
   Current smoker (%)                        8.7           7.1           5.4           0.009
  DPPOS baseline                                                                       
   Age (years)                               56.2 (10.3)   57.4 (10.3)   55.9 (10.3)   0.025
   Female (%)                                66.5          70.4          67.2          0.34
   TC (mg/dL)                                191 (35)      199 (51)      195 (36)      \<0.001
   HDL (mg/dL)                               45 (12)       47 (13)       49 (13)       \<0.001
   SBP (mmHg)                                125 (15)      124 (15)      121 (14)      \<0.001
   Use of antihypertensive medications (%)   49            40            30            \<0.001
   Current smoker (%)                        6.8           7.1           5.8           0.49

Data are presented as mean (SEM) for age, TC, HDL, and SBP and percentage for the female, use of antihypertensive medications, and current smoker categories.

Data from DPP baseline were collected on or before randomization, while data from DPPOS baseline reflect the first assessment in the DPPOS (e.g., DPPOS year 1).

Estimated 10-Year CVD Risk by Glycemic Category {#s9}
-----------------------------------------------

The trajectory of estimated 10-year CVD risk over the course of the DPPOS, in groups defined by glycemic status in the DPP, is depicted in [Fig. 2](#F2){ref-type="fig"}. The mean estimated CVD risk during the follow-up was 14.4% (95% CI 13.9--15.0%) in people with diabetes, 16.2% (15.6--16.8%) in the prediabetes group, and 15.5% (15.1--16.0%) in those who reached NGR (*P* \< 0.001, NGR vs. diabetes and prediabetes vs. diabetes; *P* = 0.02, NGR vs. prediabetes). Absolute differences in estimated mean CVD risk among the groups were greatest at year 1 of the DPPOS: diabetes 14.3% (13.7--14.9%), NGR 15.7% (15.2--16.3%), prediabetes 18.6% (17.8--19.3%) (*P* \< 0.001 for all pairwise comparisons). These risk estimates converged over the period of observation because of an increase in Framingham score over the time of the DPPOS in people with diabetes (15.6% in year 10 vs. 14.3% in year 1, *P* \< 0.001) and a decrease over time in people with prediabetes (15.9% in year 10 vs. 18.6% in year 1, *P* \< 0.001).

![Trajectories of 10-year CVD risk during the DPPOS in people with diabetes (solid), prediabetes (medium dash), and NGR (short dash) represented by means (lines) and 95% CIs (gray dotted line) with adjustment for differences in treatment group, age at randomization, sex, race/ethnicity, and baseline CVD risk factors (TC concentration, SBP or use of antihypertensive medication, smoking status, diagnosis of diabetes, and/or HDL-C concentration).](2622fig2){#F2}

CVD Risk Factors by Glycemic Category {#s10}
-------------------------------------

The association between glycemic exposure and four of the CVD risk factors did not differ among the treatment groups; therefore, pooled estimates by glycemic status are presented with adjustment for treatment group. Trajectories for the use of lipid-lowering medication, TC concentration, LDL-C concentration, use of blood pressure--lowering medication, SBP, and DBP over the course of the DPPOS are shown in [Fig. 3*A--F*](#F3){ref-type="fig"}. The mean TC was lower in people with diabetes (4.58 mmol/L) versus those with prediabetes (4.79 mmol/L) or NGR (4.84 mmol/L) (*P* \< 0.001 for both), but was not different between people with prediabetes and NGR (*P* = 0.31). LDL-C concentration was also lower in people with diabetes (2.56 mmol/L) versus those with persistent prediabetes (2.75 mmol/L) and NGR (2.80 mmol/L, *P* \< 0.001 for both). In contrast, SBP was lower in the NGR group (121 mmHg) versus the diabetes group (123 mmHg, *P* \< 0.001) and the prediabetes group (122 mmHg, *P* = 0.01). SBP values were similar between the diabetes and prediabetes groups (*P* = 0.41). DBP did not differ by glycemic exposure. Unlike the other CVD risk factors, there was a significant treatment group difference in the association between glycemic exposure and HDL-C concentration. HDL-C concentration was generally higher in NGR and lower in diabetes among the lifestyle (1.37 vs. 1.24 mmol/L) and placebo (1.32 vs. 1.27 mmol/L) groups. Specifically, in the placebo group, HDL-C concentration was 0.7 mmol/L higher in NGR versus the diabetes group (*P* \< 0.01), and, in the lifestyle group, was 0.12 mmol/L higher in the NGR versus the diabetes group (*P* \< 0.01). In the metformin group, there were no differences in HDL-C concentration by glycemic response (diabetes 1.32 mmol/L, prediabetes 1.37 mmol/L, and NGR 1.35 mmol/L).

![Trends represented by means (lines) and 95% CIs (gray dotted line) for use of lipid-lowering medications (*A*), TC concentration (*B*), LDLconcentration (*C*), use of blood pressure--lowering medications (*D*), SBP (*E*), and DBP (*F*) over 10 years of the DPPOS in people with diabetes (solid), prediabetes (medium dash), and NGR (short dash) with adjustment for treatment group.](2622fig3){#F3}

Confounding by Medication Use {#s11}
-----------------------------

There were significant differences in blood pressure--lowering medication use among the glycemic exposure groups over the course of the DPPOS (all comparisons *P* \< 0.001), with the greatest use in people with diabetes (63%), intermediate use in people with prediabetes (54%), and lowest use in people with NGR (45%; [Fig. 3*D*](#F3){ref-type="fig"}). People with diabetes (49%) also had the greatest use of lipid-lowering medication compared with those with NGR (31%, *P* \< 0.001) or prediabetes (34%, *P* \< 0.001; [Fig. 3*A*](#F3){ref-type="fig"}). The decline in estimated risk observed in the prediabetes group, as well as a decrease in each individual CVD risk factor for all groups, reflected an increase in their medication use ([Fig. 3*A--F*](#F3){ref-type="fig"}). This may have been magnified by the conversion rate from prediabetes to diabetes ([@B8]), when medication is more routinely instituted for blood pressure and lipid lowering. To assess whether glycemic group differences in the Framingham risk score may be explained by the use of lipid-lowering medications, which was not included the Framingham formula, we considered further covariate adjustment for lipid-lowering medications to the model used for [Fig. 2](#F2){ref-type="fig"}. The adjusted means were similar to [Fig. 2](#F2){ref-type="fig"}, but the estimated effect of glycemic exposure was diminished with the covariate *R*^2^ reduced from 1.45 to 0.71% when all the groups were considered together (overall model *R*^2^ = 50%). Because the change in estimated CVD risk was greatest over time in the prediabetes group, nested mixed models were constructed to examine the contribution of lipid-lowering medication use on estimated CVD risk in the prediabetes group alone. The latter analysis revealed a reduction in the *R*^2^ from 16.2 to 6.5%, suggesting that lipid-lowering medication use explained 60% of the variance in Framingham score in the prediabetes group over time.

Conclusions {#s12}
===========

CVD remains the leading cause of death in the U.S. in people with and without diabetes ([@B34]). Considerable interest exists in the knowledge of whether the prevention of diabetes prevents related CVD, and hence is one of the much-anticipated outcomes from the DPPOS. Our recent analysis ([@B8]) revealed a 56% long-term reduction in diabetes incidence in people with prediabetes who were able to return to NGR. Major findings from the current study would contend that regression from prediabetes to NGR not only reduces risk of diabetes, but also that for CVD. The mean estimated 10-year risk of CVD was 16.2% in people with prediabetes---a risk level that possibly warrants treatment ([@B35]). Interestingly, the trajectory of estimated the 10-year CVD risk decreased over time in people with prediabetes due, in part, to increased medical treatment of their CVD risk factors. In summary, regression to NGR and/or medical treatment of CVD risk factors can significantly reduce the estimated risk of CVD in people with prediabetes.

Few pursuits in medicine have been as vexing as confirming a causal relationship between hyperglycemia and CVD risk. Despite the fact that many investigators consider diabetes to be a CVD equivalent ([@B36]), major clinical trials in diabetes have universally failed to demonstrate a reduction in CVD events ([@B15]--[@B17],[@B37],[@B38]) from glucose-lowering interventions over the short term ([@B15]--[@B17],[@B37],[@B38]). Therefore, it is most surprising to see data to the contrary in people with prediabetes. For example, two separate investigations ([@B18],[@B19]) have reported slowing in the progression of carotid intima-media thickening by 30--70% in people with prediabetes or a history of gestational diabetes treated with pioglitazone for \<3 years. In addition, the STOP-NIDDM Trial demonstrated a 49% reduction in CVD events in prediabetic participants randomized to acarbose ([@B20]), despite a 25% drop-out rate. These reports raise the obvious question as to why glucose lowering appears to be effective in retarding carotid intima-media thickening, and, in one study, reducing CVD events, in patients with prediabetes while at the same time it does not appear to be effective for the same in diabetes patients. One must then consider that prediabetes is a formative stage in the development of CVD, and thus may be more amenable to efforts at CVD prevention, whether by lowering risk factors or glucose itself. Results from the current analysis and from our earlier study ([@B32]) would support this contention.

All participants entering the DPP were at increased risk for CVD because all had prediabetes ([@B39]) and 53% had the metabolic syndrome ([@B40]). A recent meta-analysis by Ford et al. ([@B12]) illustrates an ∼20% increased risk of CVD in people with prediabetes, irrespective of type (IFG vs. IGT) or the criteria used to define it. In the current analysis, we observed an ∼18% per 10-year estimated CVD risk---the highest risk for any group and any time---at year 1 of the DPPOS among those individuals with persistent prediabetes during the DPP. Given the fact that the Framingham score does not differentiate prediabetes from NGR, this risk may have been underestimated. Furthermore, the mean Framingham score remained highest across the DPPOS for people with persistent prediabetes during the DPP. Importantly, the higher risk of CVD was not entirely driven by the higher conversion rate to diabetes in people with prediabetes versus NGR ([@B8]), as the estimated CVD risk was actually lowest in the diabetes group, likely because of aggressive glycemic and nonglycemic risk factor management. Regression to NGR was associated with an ∼6% reduction in the estimated 10-year risk for CVD, suggesting that treatment of dysglycemia may attend some, but not all, of the risk in people with prediabetes.

Risk factors for CVD are virtually indistinguishable in those individuals with prediabetes versus diabetes, but can significantly diminish with the restoration of NGR ([@B32]). In the DPP, intensive lifestyle modification, but not metformin therapy, was significantly associated with the restoration of NGR ([@B31]) and also had a far more favorable effect on individual CVD risk factors ([@B32]) (vs. metformin therapy) by virtue of its pleiotropic nature. Indeed, exercise and weight loss have well-known effects on lowering blood pressure ([@B41],[@B42]) and plasma triglyceride concentration ([@B43],[@B44]), as well as on raising plasma HDL levels ([@B45],[@B46]), which occur independently of, but in tandem with, their impact on glucose homeostasis ([@B47]). This is noteworthy since SBP was higher and HDL was mostly lower in people with prediabetes (vs. NGR), likely contributing to higher CVD risk over the course of the DPPOS. It should be pointed out that 85% of participants enrolled in the DPP had IFG/IGT, according the American Diabetes Association; hence, overall CVD risk and the individual CVD risk factors may differ in people with isolated IFG or IGT. Unlike the case in individuals with diabetes, formal guidelines for individual CVD risk factor management in those with prediabetes have lagged.

Appreciation of diabetes as a high-risk state for CVD ([@B36]) has long been the topic of much discussion and, ultimately, resulted in diabetes-specific recommendations in formal guidelines for CVD prevention ([@B48]). Since the publication of the first National Cholesterol Education Program Adult Treatment Panel guideline in 1988 and reinforcement by the Adult Treatment Panel III in 2001, the use of antihypertensive medications has doubled and the use of lipid-lowering drugs increased 12-fold in people with diabetes ([@B49]). Thus, the lower CVD risk observed in people with diabetes (vs. those with prediabetes) in the current analysis---spanning DPPOS 2002--2012---likely reflects their increased medication usage, at least in part. Further, the declining 10-year CVD risk estimate in people with prediabetes likely reflects the same reason, either by virtue of their conversion to diabetes or a shift in physician prescribing practice. Altogether, the medical treatment of individual CVD risk factors in individuals with prediabetes can attenuate risk, perhaps as much or more than through the restoration of NGR.

It is important to note that the data presented should be interpreted in light of several limitations. First, the results and conclusions herein stem from the use of a single CVD risk assessment tool. As noted, the Framingham (2008) model was used because it has been validated in Caucasians, blacks, men, and women ([@B26]), collectively representing 85% of the DPPOS cohort ([@B27]). Additionally, the model incorporates diabetes status (the primary outcome of the DPP). The Framingham score, however, does not differentiate prediabetes from NGR status and, hence, may underestimate the risk in individuals with prediabetes. Further, it is likely that the score is affected by the unaccounted use of lipid-lowering medication, types of medications used for lipid or blood pressure lowering, and the conversion of people with prediabetes to diabetes, collectively affecting the risk score disproportionately in people with diabetes. Second, variability inherent in the glucose measures, as well as differences in the study protocol to confirm glucose status, may have contributed to misclassification. Specifically, those with a diagnosis of diabetes required a confirmatory test within 6 weeks of the initial test. Those with persistent prediabetes or NGR had their OGTT status evaluated annually during the DPP. Together, either a confirmatory OGTT or repeated-measures OGTTs over time lowered the likelihood of misclassification between the groups. A1C was not used for group classification because of the clustering of values in the low range. Last, hard CVD outcomes data are still being collected in the DPPOS and are not available for analysis. Ten-year CVD risk estimates from the current analysis will be compared with the hard CVD outcomes data when available. Comparing the eventual concordance or discordance between the risk estimates and event rates will enhance our ability to predict CVD in people with prediabetes in future studies.

In conclusion, all participants of the DPP had prediabetes, placing them at higher risk for CVD, as well as for diabetes. Importantly, however, when prediabetes was reversed, even temporarily, diabetes risk significantly diminished ([@B8]); hence, there is reason to speculate the same may be true for CVD risk. Major findings from the current study thus highlight the potential CVD risk associated with prediabetes and suggest that this risk can be attenuated through the restoration of NGR and/or medical treatment of CVD risk factors. These findings support a shift to earlier and more aggressive treatment of lipid levels and blood pressure, as well as glucose levels, in people with prediabetes.

Supplementary Material
======================

###### Supplementary Data

Clinical trial reg. nos. NCT00004992 and NCT00038727, [clinicaltrials.gov](http://clinicaltrials.gov).

A complete list of centers, investigators, and staff of the Diabetes Prevention Program Research Group can be found in the [[Appendix]{.smallcaps}](#app1){ref-type="app"}.
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